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(54) Interconnections to copper ICs 

(57) The specification describes a process for f omi- 
ing a barrier layer on copper metallization in semicon- 
ductor integrated circuits. The barrier layer is effective 
for both wire bond and solder bump interconnections. 



The barrier layer is Ti/Ni formed on the copper. Alumi- 
num bond pads are fonned on the ban-ier layer for wire 
bond interconnections and copper bond pads are 
formed on the barrier layer for solder bump Interconnec- 
tions. 
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Description 

Field of the Invention 

[0001] This invention relates to integrated circuit 
packages with copper metallization and wire bond or 
solder bump bond interconnections. 

Background of the invention 

[0002] Wire bonding has been used in integrated cir- 
cuit paclcaging since the inception of IC technology. Wire 
bonding techniques and wire bonding machines have 
been refined to the point where wire bonds are relalrvcly 
inexpensive and are highly reliable. However, wire 
bonds are rapidly being replaced by more advanced 
paclcaging approaches, partly because wire bonds re- 
quire greater pitch than is available in many state of the 
art packages. 

[0003] Among the common IC interconnection meth- 
ods is flip-chip bonding where high pin count IC chips 
are flip-chip bonded to a printed wiring board or where 

the 10 chip is flip-chip bonded to a silicon intemnediate 
interconnect substrate, and the silicon intermediate in- 
terconnect substrate is in turn ball bonded or flip-chip 
bonded to a printed wiring board. In many cases these 
packages use recessed chip arrangements to reduce 
the package profile. 

[0004] In these advanced packaging approaches, in- 
terconnection pitches can be very small. The earlier 
technology of wire bonding is being replaced for many 
applications where the high density of l/O's in current IC 
chips presents a challenge to the capacity of wire bond 
techniques. However, due to the high 1/0 density of state 
of the art IC chips, packaging yield using advanced 
packaging techniques may suffer, and the complexity of 
the packaging process is increased. As a result the over- 
all cost per bond may be relatively high. The low cost 
and high reliability of wire bonds nnakes them attractive 
if ways can be found to adapt wire bonding to packaging 
high density I/O chips. 

[0005] Interconnection technology faces a new chal- 
lenge with the introduction of copper metallization in 
semiconductor IC devices. Copper has long been an at- 
tractive candidate as an interconnection material be- 
cause of its low cost and high conductivity. However 
copper is electrochemically active, and migrdles in an 
electrical environment. It also fonms undesirable alloys 
with common materials used in ICs. These assumed 
drawbacks have limited the introduction of copper met- 
allization in IC manufacture. However, the conductivity 
advantage that copper presents Is so compelling in state 
of the art high frequency devices that copper has new 
impetus as a replacement for aluminum in IC chip Inter- 
connections. 

[0006] With the replacement of aluminum with copper, 
particularly at the last interconnect level which interfac- 
es the chip to the ne3Ct board level interconnection, new 



considerations for interconnection arise. Whereas with 
aluminum chip interconnections, wire bonding was high- 
ly developed and relatively straightfonArard, solder bump 
bonding to aluminum was not. Solder bump bonding re- 
5 quired special under bump metalflzation (UBM) for the 
aluminum pads due to the difficulty In soldering directly 
10 aluminum. With copper replacing aluminum, the situ- 
ation is somewhat reversed. In principal, from a solder- 
ing standpoint, solder bump bonds can be made directly 
10 10 the top copper metallization level. However, it has 
been recognized that solder bump bonding directly to 
copper IC chip metallization does not overcome the cop- 
per migration problem. Thus, effective UBM technolo- 
gies for solder bumps on copper metallization are 
»5 sought. The primary function of this UBM, incontrastto 
the UBM used on aluminum metallization, is to form a 
bamcr against copper migration, 
[0007] In addition, the introduction of copper metalll- 
/rtiion in stdle of the art IC production requires new ap- 
pi OfCfies to wire bonding. The straightforward solution 
IS to form aluminum wire bonds pads directly on the top 
copper metallization level. But again, this approach fails 
lo control the problem of copper migration. 
[0008] Since, as indicated above, it continues to be 
dosrablo lo use both wire bond interconnections and 
soWor bump interconnections with the new technology 
of copper metallized 10 devices, it would be useful to 
df*vok>p a solution to the copper migration problem that 
IS compatible with, and effective for, both interconnect 
strategies. 

Statement of the invention 

[0009] We have developed an interconnection metal- 
lurgy that can be used effectively for both wire bonding 
and solder bump bonding to copper metallization. It re- 
lics on primarily on an initial Ti/Ni stack over the copper 
surface. For wire bonding applications, an aluminum 
Uyor ts deposited on the Nl layer fomning a Ti/Ni/AI 
s\acK For solder bump bonding, a copper layer is de- 
posnod on the Ni layer fomning a Ti/Ni/Cu stack. An ad- 
vantageous strategy is to process all wafers with an in- 
itial Ti/Ni slack. Wafers that are to be wire bonded are 
processed using an aluminum target for the last sput- 
tered layer, and wafers that are to be solder bump bond- 
ed arc. processed using a copper target for the last sput- 
tered Idyer. For some applications, substitution of chro- 
mium for titanium as the initial layer in the stack is effec- 
tive 

Brief Oescription of the Drawing 
[0010] 

Figs. 1 and 2 are schematic diagrams of a bond pad 
of a copper metallized IC chip adapted for either 
wire bonding or solder bump bonding; 
Figs. 3A-6A are schematic representations of the 
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IC chip bond pad of Fig. 2 used for wire bond inter- 
connection, and 

Figs. 3B-6B are schematic representations of the 
IC chip bond pad of Fig. 2 used for solder bunnp in- 
terconnection. 

Detaiied Description 

[0011] With reference to Fig. 1 , a silicon substrate 1 1 
is shown partially cut away to indicate that is a portion 
of a much larger silicon wafer. It will be understood that 
these drawings are not to scale, and sonne features are 
shown exaggerated for convenience in this exposition. 
In Fig. 1 , deposited dielectric is shown at 12 and copper 
contact pad at 13. Acapping layer of polyimide, or SIN- 
CAPS, is shown at 1 4. The objective is to cover the cop- 
per contact pad 1 3 with a structure thattunctions In one 
case as an under bump nnetallization (UBM) and in the 
other case a bond pad for a gold wire bond. The layered 
structure that serves for both applications, which is re- 
fen^d to here as the common composite, is described 
in connection with Figs. 2-6. the common composite is 
formed by evaporating or sputtering multiple layers in 
the sequence described. Sputtering is generally pre- 
ferred for this step. 

[0012] The common composite structure is shown in 
Figure 2. In the prefenred embodiment, the layers are 
sputtered in a sputtering apparatus containing multiple 
targets of the metals of the layers being fomned. Sput- 
tering techniques are well Icnown and the details are not 
necessary for this description. Other techniques for de- 
positing the metal layers, e.g. evaporation or chemical 
vapor deposition, can also be used. 
[0013] The first layer 21 is either chromium or titanium 
with a thiclcness of the order of 100-1500 Angstroms. 
Both chromium and titanium adhere well to the copper 
contact 13 and also adhere to the dielectric layers 
present in the structure. These materials are also refrac- 
tory and fomn a corrosion resistant interface with the 
copper contact. It is recommended that titanium layers 
be sputtered at 300-450 , with a layer thickness in 
the range 200-500 Angstroms. The relatively high sput- 
tering temperature encourages the fonnation of a tran- 
sition layer of Cu-Ti, which improves adhesion and also 
improves antl-electromigration lifetime. For some appli- 
cations, notably those that require high temperature 
processing or burn-in testing, chromium will be pre- 
ferred because it perfonnns well as an oxygen barrier. It 
is also prefen-ed to reactlvely sputterthe chromium layer 
in a nitrogen ambient at 25-300 "^C to produce nitrided 
chromium layer for more effective oxygen barrier char- 
acteristics. The recommended thickness of the nitrided 
chromium layer is in the range 400-1500 Angstroms 
[001 4] The second layer 22 is a barrier layer compris- 
Ing nickel, with a thickness in the range 2000-20.000 
Angstroms. Preferably the nickel layer is sputtered and 
the sputtering target contains 0.5-10% V to facilitate 
sputtering. This layer may also be doped with 0.5-2.0% 



chromium, molybdenum, tungsten, tantalum, zirconium, 
niobium, or boron to provide solid solution strengthen- 
ing. Preferably, the layer 22 comprises at least 90% Ni. 
Sputtering of this layer may be conducted in an appara- 

5 tus with both nickel and vanadium targets, and a suitable 
target for any other dopant chosen, or, more typically, 
may be sputtered from a composite target of, e.g. Ni 
(7%V). The former alternative gives the option of tran- 
sitioning between targets to produce variations the com- 

10 position of the deposited layer with thickness. 

[0015] The morphology of the deposited layer can al- 
so be transitioned with thickness by varying the temper- 
ature during the deposition cycle. For example, if the 
temperature at the start of deposition is 25 ^'C , and is 

15 raised to 300 •C at the end of deposition, the layer de- 
posits with an amorphous structure at the bottom inter- 
face, which results In good Ti/Ni interface characteris- 
tics, and a crystalline habit at the top of the layer tor op- 
timum Ni/AI interface characteristics. 

20 [0016] It is preferred that the common composite 
stack, as well as the top layers described below, be de- 
posited in the same deposition apparatus, without 
breaking vacuum. This expedient makes practical an- 
other optional stack structure according to the invention. 

25 This option, which provides especially effective ban-ier 
properties, is to alternate Ti/Ni layers, producing, e.g.Ti/ 
Ni/Ti/Ni. These altemate layers may be multiplied as de- 
sired. 

[0017] The composition of the last layer of the stack 

30 depends on the interconnection technique to be used. 
For wafers to be wire bonded, the top layer is aluminum, 
with a thickness, e.g., of 1-2 microns, and deposited 
preferably at 25-200 •C. This aluminum layer may be 
doped with 0.5-2.0%. copper. For solder bump sites, the 

35 last layer is 0.5-1 .0 microns of copper. 

[0018] These alternatives are illustrated in Figs. 3A- 
38 to 5A-6B where the wire bond sites are shown in the 
figures designated 3A-6A and the solder bump sites are 
shown in the figures designated 3B-6B. 

40 [0019] With reference to Fig. 3A, the last or top layer 
In the multilayer stack Is an aluminum layer 31 . The alu- 
minum layer can be wire bonded with conventional gold 
wires. With reference to Fig. 3B, the top layer in the mul- 
tilayer stack is a copper layer 32. The copper layer is 

45 wettable with solder materials commonly used for the 
solder bumps. The melting point of most copper eutec- 
tics with tin solders is relatively low, and at the soldering 
temperature the surface of the copper layer dissolves in 
the solder bump fonming a physically and electrically 

50 sound bond. The copper layer 32 may be provided with 
an optional layer of gold applied to the surface of the 
copper layer to inhibit oxidation of the copper surface. 
The optional gold layer may have a thickness of 
200-2000 Angstroms, and preferably 200-1000 Ang- 

55 stroms. 

[0020] With deposition of the multilayer stacks com- 
pleted, the bond sites are masked with an etch mask 33, 
as shown in Figs. 4A and 4B. The etch mask is prefer- 
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ably a conventional photoresist and is fomned by spin- 
ning photoresist on the surface layer and patterning the 
photoresist with suitable actinic radiation. Alternative 
masking techniques can be used such as e.g. an oxide 
hardmask. 

[0021] The stack structures are then defined by con- 
ventional etching, e.g. wet etching or R!E. The gold lay- 
er, if present, and the copper layer 32 are etched using 
conventional etchant solutions. Gold etchants include 
potassium cyanlde/femcyanide solutions, iodide/iodine 
solutions, and aqua regla. Copper is etched with, e.g., 
iron chloride, or a mixture of sulfuric acid and potassium 
chromate. 

[0022] The aluminum layer 31 can be etched using 
KOH or other suitable etchant. The nickel layer 22 can 
be etched using HCl. The titanium layer 21 can be 
etched with buffered HF. If layer 21 is chromium, It can 
be etched using a basic chromium etch solution of so- 
dium hydroxide and potassium ferricyanide. 
[0023] The structures, after etching the multilayers 
and removal of the etch mask, are shown in Figs, 5A 
and 5B. The bond site to be wire bonded, i.e. 31 , is 
shown in Fig. 6A with gold wire bond 41 attached. The 
wire is preferably gold, or a gold alloy with small 
amounts of metal additives, such as Au-Be, for harden- 
ing etc. The diameter of the wire is typically 0.5-2 mils, 
and preferably 1-1.2 mils. The area of the aluminum 
bond pads is typically In the range 1000-40000 □ m^ 
and preferably 5000-25000 Dm^ The wire bonding step 
is a conventional thenmocompression operation using 
bonding using tools widely available in the technology. 
The bond force may be 15-60 grams, preferably 40-60 
grams. The ultrasonic frequency is in the range 40-200 
kHz. preferably 60-120 kHz, and the power in the range 
20-200 mW, preferably 50-100 mW. These parameters 
are suitable for a variety of bonding tools including, e.g. 
K & S wire bonders. 

[0024] The solder bond site 32 is shown with solder 
bump 42 in Fig. 6B. This illustration is schematic with 
the mating surface on the interconnect substrate not 
shown. The solder bump is fomned by any suitable tech- 
nique such as solder paste, or evaporation. The latter is 
typically compatible with high lead content solders, e.g. 
95PbSn. The solder bump may also be formed by elec- 
troplating using e.g. the bottom layer of the composite 
as the cathode. For this sequence the three layer stack 
is deposited as described above, and the solder bump 
sites masked. The top layer or layers may be removed 
leaving the Tt or Cr layer for the cathode. The bottom 
layer is masked to localize the electrolytic plating proc- 
ess to the solder bump sites. After plating and solder 
reflow the bottom layer is pattemed. High tin or silver 
based solders are suited forthis approach. Altematively, 
these solders may be applied by electroless plating. 
[0025] The thickness of a typical solder bump is 1 -1 0 
mils. Examples of solder compositions that can be used 
successfully in the processes described above here: 
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[0026] The processes described above were devel- 
^0 oped for silicon CMOS integrated circuits but can apply 
equally to other kinds of semiconductor integrated cir- 
cuits such as III-V photonic integrated circuits. These 
integrated circuits typically have GaAs br InP substrates 
and multllevels of Ill-V ternary and/or quatemary layers 
fonming the active devices. However, the interconnec- 
tions can in some applications be similar to those used 
in silicon !C technology. These circuits also typically op- 
erate at very high speeds where copper metallization is 
distinctly advantageous. 
20 [0027] Most silicon integrated circuits manufactured 
today have pofysillcon gates for the transistor devices, 
and the first level metal is typically polysllicon to fonn 
the gates and fomn interconnections for those gates. 
The metal interconnect levels f omied after the first level 
25 are usually aluminum, and one to three aluminum levels 
aretypical. Ofthese one ormore, will be substituted with 
copper as described above. 

[0028] The processes described above contemplate 
the use processing of individual wafers for either wire 

30 bonding or solder bump bonding. The invention is also 
applicable to wafers that are both wire bonded and sol- 
der bump bonded. In the case a single wafer is proc- 
essed to have both the wire bond pad of the invention 
and the solder bump bond. This is achieved most con- 
veniently by processing the wafer, as described above, 
to have the first and second layers, i.e. the titanium/ 
chromium layer, and the layer comprising nickel, then 
selectively depositing copper on the solder bond sites, 
and selectively depositing aluminum on the wire bond 

^0 sites. It will be understood that the latter two steps can 
be done in either sequence. The selective deposition 
step may be accomplished by standard lithography us- 
ing a subtractive (mask and etch) method, or preferably 
an additive (lift-off) method. These layers can be depos- 

45 itecj on the bond sites specifically, or over blanket re- 
gions containing the bond sites. This approach Illus- 
trates profoundly the versatility of having a common 
composite to solve the copper migration problem for 
both interconnection strategies. 

50 [0029] This common composite bamer layer is also 
useful for gold metallization. Gold is widely used as an 
interconnect material in photonic integrated circuits. The 
versatility offered by having a common under bump met- 
allization for a variety of applications will be apparent to 

55 those skilled in the art. 

[0030] Various additional modifications of this inven- 
tion will occur to those skilled in the art. All deviations 
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from the specific teachings of this specification that ba- 
sically rely on the principles and their equivalents 
through which the art has been advanced are properly 
considered within the scope of the invention as de- 
scribed and clainned. ^ 



Claims 

1 . A method for the manufacture of a senniconducior io 
Integrated circuit comprising: 

(a) depositing a first layer on selected portions 
of the semiconductor integrated circuit, the first 
layer being of a material selected from the »5 
group consisting of titanium and chromium. 

(b) depositing a second layer comprising nickel 
on the first layer, 

(c) depositing a third layer comprising alumi- 
num on the second layer, ^ 

(d) etching the first, second, and third layers to 

form a bond pad, and 

(e) bonding a conductive wire interconnection 
to the third layer. 

2. The method of claim 1 wherein the semiconductor 
of the semiconductor integrated circuit is silicon. 

3. The method of claim 2 wherein the wire compnses 
gold and is bonded using thermocompression ^ 
bonding. 

4. The method of claim 1 comprising the additional 
steps, priorto step (a), of depositing a capping layer 
on said top interconnection level, fomning windows 35 
In said capping layer, and proceeding with steps (a) 
through (c). 

5. The method of claim 1 wherein the first, second and 
third layers are sequentially sputtered in the same -»o 
sputtering apparatus without breaking vacuum. 

6. The method of claim 1 wherein the nickel layer com- 
prises nickel with 0.5-1 0% vanadium. 

45 

7. The method of claim 1 wherein the first layer com- 
prises chromium and is deposited by sputtering in 
a nitrogen atmosphere. 

8. The method of claim 1 wherein the semiconductor 50 
integrated circuit has a top interconnection level 
comprising copper. 

9. The method of claim 1 wherein the semiconductor 
integrated circuit has a top interconnection level ss 
comprising gold. 

10. A method for the manufacture of a semiconductor 



integrated circuit comprising: 

(a) depositing a first layer on selected portions 
of the semiconductor integrated circuit, the first 
layer being of a material selected from the 
group consisting of titanium and chromium, 

(b) depositing a second layer comprising nickel 
on the first layer, 

(c) depositing a third layer comprising copper 
on the second layer, 

(d) etching the first, second, and third layers to 
form a bond pad, and 

(e) bonding a solder bump interconnection to 
the third layer. 

11. The method of claim 1 0 wherein the semiconductor 
of the semiconductor integrated circuit is silicon. 

12. The method of claim 10 wherein the first, second 
rind third layers are sequentially sputtered in the 
same sputtering apparatus without breaking vacu- 
um. 

13. The method of claim 10 wherein the nickel layer 
comprises nickel with 0.5-10% vanadium. 

14. The method of claim 10 wherein the semiconductor 
integrated circuit has a top interconnection level 
comprising copper. 

15. The method of claim 10 wherein the top intercon- 
nection level of the semiconductor integrated circuit 
comprises gold. 

IB. A method for the manufacture of semiconductor in- 
lograled circuits comprising the steps of: 

(a) forming a copper Interconnection layer on a 
semiconductor substrate, 

(b) depositing a dielectric layer on said copper 
interconnection layer, 

(c) fomning a plurality of openings in said die- 
lectric layer to leave exposed portions of said 
copper interconnection layer, 

(d) sputtering a first layer on the dielectric layer 
and on the exposed portions of the copper in- 
terconnection layer, the first layer comprising a 
1 00-1 500 Angstrom titanium layer, 

(e) sputtering a second layer on the first layer, 
the second layer comprising a 2000-20,000 
Angstrom layer of a nickel/vanadium alloy, 

(f) sputtering a third layer on the second layer, 
the third layer comprising an approximately 1-2 
micron layer of aluminum, 

(g) etching away selected portions of said first, 
second and third layers to leave a bond pad, 
and 

(h) thenmocompression bonding a conductive 
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wire to said bond pad. 

17. The method of claim 16 wherein the first layer is 
sputtered at a temperature in the range 300-450 "C, 
the second layer is sputtered at a temperature in s 
the range 25-300 '^C, and the third- layer is sputtered 

at a temperature in the range 25-200 *C. 

18. A method for the manufacture of a semiconductor 
integrated circuit wherein the top interconnection io 
level of the semiconductor Integrated circuit is pro- 
vided with wire bond interconnection sites and sol- 
der bump Interconnection sites the method com- 
prising: 

15 

(a) depositing a first layer on selected portions 
of the top interconnection level, the first layer 
being of a material selected from the group con- 
sisting of titanium and chromium. 

(b) depositing a second layer compf ising nickel ^ 
on the first layer, 

(c) selectively depositing a first contact layer 
comprising aluminum on the wire bond sites. 

(d) selectively depositing a second coniaci l«iy 
er comprising copper on the solder b jmp srtos 

(e) etching the first, second, and firsl and sec- 
ond contact layers to form wire bond pads and 
solder bump pads, 

(f) bonding conductive wire inlerconncctiprs to 
the wire bond sites, and 

(g) bonding solder bump inlerccnnociions lo 

the solder bump sites. 

19. The method of claim 18 wherein the lop intercon- 
nection level of the semiconductor integrated circus J5 
comprises copper. 

20. The method of claim 1 8 wherein the lop intercon- 
nection level of the semiconductor iniegrated circuit 
comprises gold, -^o 
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